Abstract Thermal balance of steam boilers can be done by two ways, the direct or indirect method; the direct method is not accurate. The reason why it is not accurate is that some operating parameters of biomass boilers cannot be obtained by direct measurements, like the measurement of fuel flow. These facts make it difficult to apply the direct method in the heat balance and force to use indirect one to determine these parameters and the boiler efficiency; hence, the indirect method is generally used for heat balance. Indirect method provides more accurate values and additionally, quantifies each of the energy losses, allowing to determinate causes of low efficiency of the equipment. Large amount of data involved implies the use of more affective calculation means; being iterative, assumed values for fuel flow must be compared with a value calculated until both match. In this work, the indirect method has been programmed in MATLAB; and for the preliminary fuel flow evaluation an optimization method could be used to prevent having to assume a value. Calculation details and a MATLAB algorithm are also presented. 
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Introduction
Thermal balance of boiler installations is usually carried out in order to calculate its technical and economic indicators. Theoretically, the heat balance of the steam generator could be done by two methods: the direct and the indirect.
The direct method uses the ratio of the useful heat to the total available heat to determine the gross efficiency of the steam generator, as shown in Eq. 1.
However, calculating the gross efficiency of the steam generator by Eq. 1 may give inaccurate results. Furthermore, it requires fuel and steam flow measurements which can not always be easily done (Centeno-González et al. 2017 ). For example, many bagasse-fired boilers do not have an instrument to determine fuel flow. In fact, due to possible air infiltration into the furnace, measuring the flow from the fans (primary, secondary and pneumatic) may not coincide with the total air active in the combustion process. One option to avoid the above problem is to apply the indirect heat balance, which uses some values coming from measurements that are more viable as inputs data. In this Sugar Tech method, the heat balance equation of a steam generator operating in steady state can be written as Eq. 2
Equation 2 can also be written in terms of percentages as in Eq. 3
In other words, the indirect thermal balance calculated the useful heat (q 1 ) based on losses (q 2 , q 3 , q 4 , q 5 e q 6 ) and fuel characteristics. The total heat available (Q d t ) depends on the latter. However, the above calculation would not be possible if the fuel mass flow is unknown. Indirect thermal balance is iterative, given that, it is necessary to assume a value for the fuel mass flow and then recalculate, until both match. This iterative process could be performed using an optimization method as discussed in the present study
Calculation Scheme for the Indirect Thermal Balance in Bagasse-Fired Boilers
In this section, the details of the calculation procedure of indirect thermal balance of boilers based on the Russian normative approach and lower heating value (LHV) are presented. This will be carried out starting with the input variables to be measured, continuing with equations used in each calculation steps and ending with a flowchart of the algorithm calculations. Further details can be found in earlier reports (Ravit 1967; Mitor and Dubovki 1973; Basu et al. 2012; Kakac 1991) .
Inputs
To perform the indirect heat balance of the steam generator, it is necessary to measure some variables that are summarized in Tables 1, 2 , 3, 4 and 5.
Ashes were sampled in three locations: ash that comes out as slag, ash removed by the scrubber and ash that was dragged by the gases leaving the chimney.
Step in the calculation scheme 
Actual volume fraction of carbon dioxide (CO 2 ) based on the volume fraction of oxygen (O 2 ) was calculated according to Eq. 12.
Third step: The excess air coefficient (a) was calculated according to Eq. 13.
Fourth step: The sensible heat of the fuel (Q c ) based on its specific heat (c) and temperature (T c ) was used according to Eq. 14.
Total heat available based on the lower heating value of fuel (LHV) and sensible heat (Q c ) was measured according to Eq. 15.
Fifth step: To calculate theoretical (stoichiometric) volumesAir volume (V o air ) was measured as per Eq. 16.
Triatomic gases volume (V RO 2 ) was measured as per Eq. 17.
Volume of nitrogen was calculated according to Eq. 18.
Volume of water vapor was calculated according to Eq. 19.
Sixth step: The enthalpy of exhaust gas including dragged ash was calculated according to Eq. 20. Enthalpies of each gas can be calculated by lookup tables (JANAF and Dow Chemical Company 1971; Barin and Platzki 1995) or as a function of temperature as in Binnewies and Milke (1999) ; the enthalpy of the ashes can be calculated from lookup tables as in Mitor and Dubovki (1973) .
Enthalpy of air at exhaust gases temperature according to Eq. 21.
According to Eq. 22, the combustion gases enthalpy (including exhaust gases and excess air) can finally be calculated by formula
Seventh step: The losses to the environment through the walls were calculated using Eq. 23 suggested by Soler and Lora (1991) .
Eighth step: To calculate the losses with the ashes. Fraction of inorganic material contained in the slag was measured with Eq. 24.
Fraction of inorganic material contained in the ashes removed by the scrubber was calculated by Eq. 25.
Fraction of inorganic material contained in the dragged ashes was calculated by Eq. 26.
Finally, Eq. 27 is used to calculate the loss with the unburned carbon present in the ashes.
Ninth step: To calculate the losses in the exhaust gases, Eq. 28 was used.
Tenth step: To calculate the losses due to incomplete chemical combustion because of unburned combustible gases.
Volume of dry gases was measured with Eq. 29.
The losses due to incomplete chemical combustion were measured by Eq. 30.
Eleventh step: To calculate the losses due to the sensible heat of the ashes, Eq. 31 was used.
Twelfth
Step: To calculate useful heat (q 1 ) or efficiency (g), Eq. 32 was used.
Thirteen step: To calculate the fuel mass flow, Eq. 33 was used. Figure 1 shows the flowchart of the calculation required to solve the indirect heat balance, which can be reduced by using an optimization method with an appropriate objective function as shown in the optimizing scheme.
Optimizing Scheme
Function ''fmincon'' in MATLAB can be used, with the objective function to minimize the absolute value of the difference between the computed fuel mass flow and the assumption, as shown in equation
In Eq. 34, variable x is a vector containing all the input data. Restrictions can be intervals around the boiler nominal values of load. Details of the code programmed in MATLAB can be found as supplementary material.
Conclusions
An implementation of an optimization method which programmed the indirect thermal balance of a sugarcane bagasse-fired boiler in MATLAB was discussed which would make it possible to replace the conventional iterative calculation procedure with the optimization method.
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